Microcystins are a family of cyclic peptides that are potent inhibitors of the protein phosphatase families PP1 and PP2A. Only three human proteins are thought to be able to mediate the hepatic uptake of microcystins (the organic anion-transporting polypeptides OATP1B1, OATP1B3, and OATP1A2), and the predominant hepatic expression of these transporters accounts for the liver-specific toxicity of microcystins. A significant obstacle in the study of microcystins as anticancer drugs is the requirement of specific transport proteins for cellular uptake. We report that OATP1B3 mRNA is up-regulated in non -small cell lung cancer tumors in comparison with normal control tissues. This finding led to the exploration of microcystins as potential anticancer agents. We have developed a HeLa cell model with functional OATP1B1 and OATP1B3 activity. Transiently transfected HeLa cells are over 1,000-fold more sensitive to microcystin LR than the vector-transfected control cells, showing that transporter expression imparts marked selectivity for microcystin cytotoxicity. In addition, microcystin analogues showed variable cytotoxicities in the OATP1B1-and OATP1B3-transfected cells, including two analogues with IC 50 values <1 nmol/L. Cytotoxicity of microcystin analogues seems to correlate to the inhibition of PP2A in these cells and induces rapid cell death as seen by chromatin condensation and cell fragmentation. These studies show that microcystin-induced phosphatase inhibition results in potent cytotoxicity when microcystin compounds can gain intracellular access and are a potent novel class of therapeutic agents for tumors expressing these uptake proteins. [Mol Cancer Ther 2007;6(2):587 -98] 
Introduction
Phosphorylation of intracellular proteins is a key mechanism in the regulation of signal transduction. Kinases, enzymes that catalyze protein phosphorylation, are mediators of the signal cascades that activate multiple pathways involving the governance of cell division and cell death. Phosphatases are enzymes that counter the activity of kinases and remove organic phosphates from their active sites on regulatory molecules, which generally cause cessation of the activation signals. The importance of protein phosphatases in cell biology is underscored by the estimation that these proteins constitute >1% of all of the proteins encoded in the human genome (1) . Mammalian protein phosphatases have been placed into five subfamilies, designated PP1, PP2A, PP2B, PP5, and PP7 (reviewed in ref. 2) .
Microcystins are naturally occurring inhibitors of PP1 and PP2A and are generally known as hepatotoxins that result from cyanobacterial contamination of water supplies. Structurally, microcystins are cyclic heptapeptides with the basic structure cyclo(D-Ala L-X-erythro-b-methyl-Diso-ASP-L-Y-adda-D-iso-Glu-N-methyldehydro-Ala), where L-X and L-Y represent variable L-amino acids, and adda is the h-amino acid 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid (3) . The most commonly studied microcystin is microcystin LR, in which the two variable amino acids are leucine and arginine. The structures of at least 50 microcystin variants have been determined (4) , differing almost exclusively in the two variable residues, which can be other L-amino acids in substitution for leucine and arginine. The variable nature of these compounds suggests that they may have a spectrum of biological effects, and that there are opportunities for combinatorial engineering of therapeutic microcystin compounds.
The specific hepatic toxicity of microcystins results from the restricted hepatic expression of the organic aniontransporting polypeptides OATP1B1, OATP1B3, and OATP1A2, which mediate the cellular uptake of microcystins. OATP1B1 and OATP1B3 transporters have previously been known as liver-specific transporters 1 and 2, respectively, in recognition of gene expression limited to the liver. The potential potency of microcystin toxins in cancer cells has been difficult to examine due to the absence of expression of these transporters in most cancer cell lines. However, there is evidence for the expression of these transporters in tumors. Western blot analyses have detected the expression of both OATP1B1 and OATP1B3 in hepatocellular carcinoma (5, 6) . In addition, Abe et al. (7) have reported that OATP1B1 and OATP1B3 are expressed in a few cell lines created from liver, colon, and pancreatic tumors, suggesting that there may be a wider distribution of transporter gene expression in tumors than in normal tissues. Our interest in microcystins as potential therapeutic molecules began with our finding that OATP1B3 mRNA is up-regulated in non -small cell lung cancer (NSCLC). Therefore, the anticancer potential of microcystin compounds might be exploited by targeting these compounds to tumors that are known to express OATP1B1 and OATP1B3.
Given that the microcystins are potent protein phosphatase inhibitors, they are likely to affect both cell cycling and apoptosis. PP1 and PP2A directly regulate the activity of proteins phosphorylated on serine or threonine residues. PP2A has been shown to regulate the activity of at least 50 protein kinases involved in critical aspects of the regulation of cell division and cell death, including protein kinase C (PKC), Akt, extracellular signal-regulated kinase (ERK), mitogen-activated protein kinase (MEK), InB kinase, p38, and caspase-3 (8 -10) . Inhibition of PP2A (by okadaic acid) has been shown to increase the phosphorylation and subsequent activation of p53, leading to cell cycle arrest and apoptosis (11, 12) . Recent studies have identified PP2A as a key regulator of BCL-2 (13) . Pharmacologic inhibition or RNA interference knockdown of PP2A caused proteasomic degradation of phosphorylated BCL-2 and sensitized the cells to various cell death stimuli. Therefore, we hypothesized that tumor cells might be selectively sensitive to microcystin-induced phosphatase inhibition. To test this hypothesis, we transfected cancer cells with the drug transporters OATP1B1 and OATP1B3 to create in vitro models in which microcystins could gain intracellular access, and the potential cytotoxicity of microcystins in cancer cells could be assessed.
Materials and Methods
Reagents and Cell Culture HeLa cervical adenocarcinoma cells were obtained from the American Type Culture Collection (Manassas, VA). DMEM containing Glutamax-I, fetal bovine serum, PBS (pH 7.2), and LipofectAMINE 2000 were purchased from Invitrogen (Carlsbad, CA). Lung tumor specimens and matched adjacent nonmalignant tissue pairs were obtained from the National Cancer Institute Cooperative Human Tissue Network (Columbus, OH). Normal liver cDNA was purchased from Biochain Institute, Inc. (Hayward, CA). Microcystins LR and YR were purchased from Sigma (St. Louis, MO). Microcystin LF, LW, RR, and okadaic acid were all purchased from Axxora, LLC (San Diego, CA). [ 33 P]ATP was purchased from Perkin-Elmer (Boston, MA). All other chemicals were purchased from Sigma.
Transporter Gene Expression Analysis by Quantitative PCR A protocol to screen anonymous lung tumor specimens for transporter gene expression was approved by the University of Kentucky Institutional Review Board. For each transporter gene, we identified a primer set using the program Oligo 4.0. In each case, we showed that the primers amplify a PCR product of expected length. Total RNA was extracted from normal lung tissue and paired lung cancer specimens and cell lines using the RNeasy kit (Qiagen, Valencia, CA) with an on-column DNase digestion. A total of 3 Ag of RNA was used as a template for the first-strand cDNA synthesis using the ThermoScript reverse transcription-PCR system (Invitrogen, Carlsbad, CA) with Oligo(dT) as the primer and done according to the manufacturer's protocol. Quantitative real-time PCR was done using the SYBR Green PCR kit (Applied Biosystems, Foster City, CA) and the iCycler thermal cycler (Bio-Rad, Hercules, CA). Quantification was performed using iCycler analysis software. The fluorescence threshold was set above the baseline in the exponential phase of the PCR, and from this, the C t (threshold cycle) was calculated for each reaction. The number of cycles required to reach the threshold fluorescence is proportional to the amount target RNA in the sample. The relative expression levels of the target genes were determined by calculating the relative amounts of RNA from PCR standard curves (cDNA from liver, kidney, or placenta was used as standards for the lung tissue expression analysis; plasmid DNA was used to for the cell line expression analysis) followed by normalization to the endogenous reference gene b-actin. All PCR products of the samples displayed a single, sharply melting curve with a narrow peak. Both OATP1B1 and OATP1B3 share >80% homology at the nucleotide level; therefore, primer specificity was confirmed by the inclusion of a negative control to each analysis (plasmid containing the alternative gene). Neither of the primer sets amplified the other gene.
Transient Expression of OATP1B1and OATP1B3 OATP1B1 and OATP1B3 cDNAs inserted into the multiple cloning site of the vector pIRESneo2 were obtained from Drs. Meier and Hagenbuch at the University of Zurich, and the nucleotide sequences of the coding regions were confirmed by nucleic acid sequencing.
Exponentially growing HeLa cells were seeded at 2 Â 10 5 per well in six-well plates in 2 mL of DMEM supplemented with 5% FCS (without antibiotics). The cells were transfected 24 h later using LipofectAMINE 2000 (Invitrogen) at a ratio of lipid/DNA of 2:1 (2 AL/1 Ag). In short, 2 AL of LipofectAMINE 2000 was diluted into 200 AL of Opti-MEM (Invitrogen); at the same time, 1 Ag of plasmid DNA is also diluted into 200 AL of Opti-MEM and left to equilibrate for 5 min. The DNA and LipofectAMINE 2000 dilutions were mixed by pipetting, and complexes were allowed to form for 25 min. During complex formation, the cells were washed once with 37jC PBS, and 600 AL of DMEM supplemented with 5% FCS was added to each well. After 25 min, the complex mixture (400 AL) was carefully added to the cells and mixed gently, and transfection was allowed to proceed at 37jC, in 5% CO 2 for 4 h. After 4 h, 1 mL of DMEM supplemented with 10% FCS was added to each well, and the cells were returned to the incubator. Western Blot Analysis Cells were washed twice in ice-cold PBS, lysed without trypsinization for 10 min at 4jC using a lysis buffer containing 150 mmol/L NaCl, 50 mmol/L Tris-HCl (pH 8), 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, and 0.02% sodium azide and 80 AL/mL of Complete Protease Inhibitor cocktail (Roche Applied Science, Indianapolis, IN). Samples were passed through a 25-gauge needle 10 times, and the lysate were collected following centrifugation at 12,000 Â g for 5 min at 4jC. Protein concentrations were determined using the Bio-Rad DC protein assay (Bio-Rad). Equal amount of protein (25 Ag per lane) were separated by 10% SDS-PAGE and subsequently transferred to PROTRAN BA85 nitrocellulose membrane (Whatman, Inc., Sanford, ME). The membranes were incubated with antibodies against PP1 and PP2A (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) in 5% nonfat milk. After washing with TBSTween, the membranes were incubated with peroxidaseconjugated goat anti-mouse or goat anti-rabbit antibody (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) in 5% nonfat milk, followed by visualization using the enhanced chemiluminescence system (Amersham Biosciences, Piscataway, NJ). h-Actin (Sigma) was used to confirm equal protein loading.
Drug Uptake Studies Exponentially growing HeLa cells were transiently transfected with the plasmids containing OATP1B1, OATP1B3, or empty pIRESneo2 as described above. Forty-eight hours after transfection, the cells were exposed to two commercially available, radiolabeled substrates in uptake buffer (14) . The uptake assay was terminated by aspiration of the medium and three successive washes with ice-cold PBS. The cells were air-dried and solubilized by overnight incubation in 0.2 N NaOH followed by neutralization with 0.2 N HCl. The amount of intracellular radioactivity in the lysates was determined by liquid scintillation counting. The results were calculated by the subtraction of time 0 counts followed by normalization to the amount of cellular protein present in the lysates, which was determined spectrophotometrically using the Bio-Rad protein assay. Inhibition of transport was done by coincubation with 50 Amol/L bromosulfophthalein (Sigma).
Growth Inhibition Studies Cells were taken 24 h following transfection and seeded into 96-well plates at 1 Â 10 4 per mL (1 Â 10 3 per well) and allowed to adhere for a further 24 h before drug treatments. The cells were then exposed to serial dilutions of the microcystin analogues prepared in culture medium for 72 h. For experiments in which cells were exposed to microcystin LR for 1 and 6 h, the media was carefully aspirated from the wells and replaced with 200 AL of fresh media. Cellular growth was determined using the sulforhodamine B protein dye assay (15) . In short, cells were fixed with 50% trichloroacetic acid w/v (50 AL per well) for 1 h at 4jC. Following fixation, the plates were washed five to six times in water and stained with sulforhodamine B [0.4% sulforhodamine B (w/v) in 1% (v/v) acetic acid] for 30 min at 37jC. Excess stain was removed by washing five times in 1% (v/v) acetic acid. The plates were subsequently air-dried, and the protein-bound sulforhodamine B was re-solubilized by the addition of 10 mmol/L Trizma Base (pH 10.5). Colorimetric readings were made at 570 nm. IC 50 was calculated from the dose-response curve as the concentration of drug that produced a 50% decrease in the mean absorbance compared with the untreated wells.
Clonogenic Survival Studies HeLa cells were transiently transfected with OATP1B1, OATP1B3, or empty pIRESneo2 as described above. Fortyeight hours after transfection, cells were seeded into 60-mm culture dishes at 200 per dish in 5 mL of media. Six hours after seeding, microcystin LR was added to duplicate dishes and left for a further 72 h. Following microcystin LR exposure, the medium was carefully aspirated from the dishes and replaced with 5 mL of fresh media. The dishes were left for f7 days until colonies were visible, at which time the cells were washed once with PBS, fixed using Carnoy's Fixative (methanol/acetic acid, 3:1) for 5 min, and stained using 0.4% crystal violet dissolved in water. The number of colonies on each plate was counted by eye, and survival was calculated as the percentage of control. LC 50 was extrapolated from the graph and is defined as the concentration at which the number of colonies was 50% of the control. The cloning efficiency is each transfected cell line was >95%.
Inhibition of Purified Protein Phosphatases Phosphatase activity was determined using the Protein Serine/Threonine Phosphatase Assay System (New England BioLabs, Inc., Beverly, MA). The in vitro activity of purified PP1 (New England Biolabs) and PP2A (Upstate Cell Signaling Solutions, Lake Placid, NY) was assayed according to the manufacturer's instructions. Briefly, PP1 or PP2A were diluted in phosphatase assay buffer [50 mmol/L Tris-HCl (pH 7.5), 0.1 mmol/L Na 2 EDTA, 5 mmol/L DTT, and 0.01% Brij 35] at a concentration where the enzyme concentration is linear with dephosphorylation (%30%) of the [
33 P]ATP-labeled myelin basic protein. The inhibitory effects of okadaic acid and the microcystin analogues were determined by preincubation of the enzymes with serial dilutions of each compound for 10 min before the addition of the radiolabeled substrate. [
33 P]ATP-labeled myelin basic protein was added to the reaction (final reaction volume, 50 AL) and immediately incubated at 30jC for 10 min. The reaction was stopped by the addition of 200 AL of ice-cold 20% trichloroacetic acid and incubated for a further 10 min on ice. The precipitated protein was pelleted by centrifugation at 12,000 Â g at 4jC for 5 min, after which 200 AL of the supernatant was carefully removed, and the amount of released 33 P was determined by liquid scintillation counting. The data were normalized to a duplicate control reaction done in the absence of the phosphatases. IC 50 was calculated as the concentration of drug that inhibited the release of 33 P compared with an uninhibited control reaction.
Intracellular Protein Phosphatase Analysis
To determine the effects of the microcystins on the activity of the intracellular phosphatases in the transiently transfected HeLa cells, cell lysates were prepared as follows. Forty-eight hours following transfection, HeLa cells transfected with either pIRESneo2, OATP1B1, or OATP1B3 were treated with microcystin analogues and okadaic acid at approximately IC 90 concentrations for 6 h. The cells were subsequently washed in ice-cold PBS, and 500 AL of the phosphatase assay buffer containing 80 AL/mL of Complete Protease Inhibitor cocktail was added to each well. The cells were immediately scraped, collected in 1.5 mL microcentrifuge tubes, and freeze/ thawed twice in dry ice/room temperature water. The cells were further lysed by repeated pipetting (Â10) and immediately centrifuged at 12,000 Â g for 10 min at 4jC. The remaining supernatant was collected and frozen at À80jC. The protein concentration of the cell lysates was measured using the Bio-Rad protein assay. To determine the levels of phosphatase inhibition in the microcystin-treated cells, 20 ng of cellular protein was incubated in phosphatase assay buffer in the presence of [
33 P]ATP-labeled myelin basic protein as described above. The results are presented as the percent of total phosphatase activity relative to untransfected untreated HeLa cells.
Cellular and Nuclear Morphology Studies
HeLa cells were transiently transfected with OATP1B1 or empty pIRESneo2 as described above. Forty-eight hours after transfection, the cells were treated with 10 nmol/L microcystin LR for 6 h. Floating and adherent cells were subsequently pooled and washed once with ice-cold PBS. Cells were then either fixed in Carnoy's fixative, or live cells were immediately analyzed by flow cytometry, side scatter (granularity) versus forward scatter (relative size), to determined changes in gross cell morphology relative to a control (untreated) population. Flow cytometry was done using a BD FACSCalibur system (BD Biosciences, Franklin Lakes, NJ). Fixed cells were stained with Hoechst 33258 (1 Ag/mL dissolved in PBS), and changes in nuclear/ DNA morphology were determined by fluorescent confocal microscopy. Bright-field and fluorescent images were taken under a Â40 oil immersion objective using a confocal Leica DM IRBE inverted microscope equipped with a SpectraPhysics 2 photon sapphire/titanium laser and transmitted light detector for differential interference contrast and phase microscopy.
Results

OATP1B3 Expression Is Increased in NSCLC Tumors Relative to Adjacent Nonmalignant Tissue
We analyzed the expression of 19 drug and vitamin transport genes in 19 pairs of NSCLC tumors and surrounding nonmalignant tissue obtained from the National Cancer Institute Cooperative Human Tissue Network. RNA extracted from tumors was analyzed for transporter gene expression using quantitative real-time PCR, and the results were normalized to the expression of b-actin. The ratio between the expression in tumor compared with adjacent nonmalignant tissue for each paired sample was calculated, and the median value for the series of tumor/ tissue pairs for each gene is presented in Table 1 .
The mRNA of only one gene (OATP1B3) was found to be up-regulated by a median value of 6.4-fold in lung tumors compared with surrounding normal tissue, whereas all of the other transport genes showed little increase in expression. A number of genes did show a decrease in lung tumor expression, with the transporters OATP2A1, OCT2, OCT3, OCTN1, and THTR2 all showing >3-fold drop in expression. The decrease RNA levels of THTR2 in this series is consistent with our previous study of THTR2 RNA levels in NSCLC, which used a different set of NSCLC tumor/tissue pairs and a different methodology (hybridization of labeled probes to a cDNA array; ref. 16) , and which also found a decrease in THTR2 RNA levels in NSCLC tumors relative to adjacent nonmalignant tissue.
To further illustrate the changes in expression between tumor and normal lung tissue, representative scatter plots for OATP1B1 (A), THTR2 (B), and OATP1A2 (C) are shown in Fig. 1 . The solid line represents the median value presented in Table 1 ; the dotted line represents a reference sample showing the expression in a normal tissue known to express each gene. Of particular interest is the increased expression of OATP1B3 in a number of the lung tumor samples (Fig. 1A) , which is comparable with the expression level of OATP1B3 in normal liver.
HeLa Transient Transfection Model Shows Equivalent Levels of Transporter Expression to Liver and PP1 and PP2A Expression Suitable for the Study of Microcystins
To explore whether OATP1B3 expression could confer sensitivity to its toxic substrates (e.g., microcystin), and thus be exploited as potential target in lung cancer, hepatic cancer, and other malignancies, a transgenic model of OATP1B3 and the closely related gene OATP1B1 was needed. Because of their relative ease of transfection and capacity to express transgenes, we performed initial investigations in HeLa cells as a proof-of-principle. Exponentially growing HeLa cells were transiently transfected with the expression plasmids containing the OATP1B1 and OATP1B3 cDNA inserts, or a plasmid without a cDNA insert (vector control). To confirm the expression level of the cloned cDNAs and to determine the approximate level of expression in the transfected HeLa cells relative to both control cells and normal liver cDNA, we did real-time PCR as shown in Fig. 2A and B . These studies show that the RNA levels in the transient transfection system approximate the levels seen in normal adult liver. Of significant interest, we observed that the hepatic-derived cell lines have lost expression of these transporters in comparison with normal liver, and lung cancer cell lines also have either very low or undetectable levels of RNA expression of these transporter genes.
Because microcystins are known substrates of OATP1B1 and OATP1B3 and are also acknowledged inhibitors of PP1 and PP2A (it was important to show that HeLa, lung, and hepatic cancer cells express PP1 and PP2A), Western blot analysis was done using antibodies directed against PP1 and PP2A ( Fig. 2C and D) . This study shows that both phosphatases are present in HeLa cells, indicating that HeLa cells would make an appropriate in vitro model system. The studies also show that PP1 and PP2A are present in cell lines created from tumors that are known to express OATP1B1 and/or OATP1B3: the lung cancer cell lines A549, NCI-H460, and NCI-H23 and the hepatocellular carcinoma cell lines SNU-449, SNU-182, and Hep3B. The SV40 immortalized hepatic cell lines THLE-2 and THLE-3 are also shown.
HeLa Expression Models Exhibit Functional Activity and Confers Increased Sensitivity to Microcystin LR and Other Natural Microcystin Analogues
To determine whether the RNA expression in transiently transfected HeLa cells resulted in functional activity of the transport genes, we studied the uptake of radiolabeled BQ123, a substrate for both OATP1B1 and OATP1B3, and cholecystokinin octapeptide (CCK8), a substrate specific for OATP1B3 only. As shown in Fig. 3 , genespecific uptake of BQ123 can be seen in both OATP1B1-and OATP1B3-transfected cells (Fig. 3A) , and OATP1B3-specific uptake of cholecystokinin octapeptide can be seen in OATP1B3-transfected cells (Fig. 3B) . In both cases, uptake activity was inhibited by an excess of bromosulfophthalein (BSP; 50 Amol/L), a known competitive inhibitor of these transporters. These studies show that the functional activity of the cloned transfected genes is consistent with the previously reported substrate profile of these transporters (14) . To determine whether the functional expression of OATP1B1 and OATP1B3 results in change sensitivity to microcystin LR, we exposed the transfected HeLa cells to microcystin LR in a 72-h growth inhibition assay. As can be seen in Fig. 3C , the IC 50 for microcystin LR in OATP1B1 cells was 5 F 1 nmol/L, and the IC 50 for OATP1B3 cells was 39 F 8 nmol/L, whereas the toxicity in the control cells was not reached at 10 Amol/L. Similar results were seen using the clonogenic assay (Fig. 3D) , which again identified the differential sensitivity for microcystin LR between To determine whether microcystin toxicity can be specifically inhibited in OATP1B1-and OATP1B3-transfected cells, we did a growth inhibition study with microcystin LR in the presence or absence of bromosulfophthalein. As can also be seen in Fig. 3C , bromosulfophthalein significantly shifted the growth inhibition curve to the right, increasing the IC 50 for both OATP1B1-and OATP1B3-transfected cells from 5 and 39 nmol/L, respectively, to f5 Amol/L, further confirming the role of OATP1B1 and OATP1B3 uptake in microcystin LR toxicity. To further understand the activity of microcystin LR, we exposed OATP1B1-transfected HeLa cells to microcystin LR for 1, 6, and 72 h (Fig. 3E) . A 1-h exposure was found to be less active, whereas the 6-h exposure was similar to 72 h; identical results were obtained with OATP1B3-transfected cells (data not shown). This result shows that toxic effects of microcystin LR are rapid, reaching a maximum effect after only a 6 h incubation.
We subsequently examined four other microcystin analogues using growth inhibition assays in the transfected HeLa cells to determine whether there was evidence that different structural analogues had greater potency or selectivity than microcystin LR. We also used okadaic acid, the classic phosphatase inhibitor that was not thought to have selective uptake requirements, as a positive control. As shown in Table 2 , two of the analogues examined (microcystin LF and microcystin LW) showed greater cytotoxic potency than microcystin LR, with both showing Both microcystins LR and RR showed differential toxicity between the cells transfected with either OAPT1B1 or OATP1B3. These data show that structural variation in the microcystin analogues provides a degree of transporter selectivity.
Microcystins Show Both Potent and Differential Inhibition of Protein Phosphatases
The in vitro analysis of microcystin inhibition on purified PP1 and PP2A phosphatases is also shown in Table 2 . The values determined are consistent with previously reported K i values for microcystin LR and okadaic acid. The reported K i values for microcystin-LR against PP1 and PP2A are 0.06 to 6 nmol/L and <0.01 to 2 nmol/L, respectively (17) . Okadaic acid has a reported IC 50 of 60 to 500 nmol/L for PP1 and 15 to 70 nmol/L for PP2A (18) .
Further evidence for the importance of selective phosphatase inhibition in cytotoxicity is provided in Fig. 4 , which shows the correlation between the data in Table 2 . Figure 4A and B shows the relationship between the growth inhibition IC 50 for the microcystin analogues and the in vitro enzyme inhibition IC 50 of PP2A and PP1, respectively, where microcystin LR is represented by 5 (excluded from the linear regression analysis). In Fig. 4A , the near-linear relationship between HeLa growth inhibition and PP2A enzyme inhibition (r 2 > 0.99) of four microcystin analogues (.) suggests that the activity of these analogues in the HeLa cells is related more to PP2A inhibition than PP1 (Fig. 4B) . Similar results were found in the HeLa cells transfected with OATP1B3 (data not shown). The relation between cytotoxicity and PP2A inhibition is further supported by the observation that the IC 50 values of the analogues for growth inhibition and PP2A enzyme inhibition are both in the same subnanomolar range. The results with okadaic acid (n) further support this conclusion. and OATP1B3-transfected HeLa cells (! and 5) and mock-transfected HeLa cells (n and 5) exposed to microcystin LR in the presence (o, 5, and 5) and absence (., ! , and n) of the uptake inhibitor bromosulfophthalein. The cells were seeded in 96-well plates 24 h following transfection with either the control plasmid pIRESneo2, OATP1B1, or OATP1B3 containing vectors. Twenty-four hours after seeding, the cells were exposed to a range of microcystin LR concentrations for 72 h with or without the competitive transport substrate bromosulfophthalein (50 Amol/L). Growth inhibition was determined using the sulforhodamine B dye assay as described in the Materials and Methods, and data are presented as the percentage of untreated control growth. Points, mean of three replicate experiments; bars, SD. D, clonogenic survival of HeLa cells transfected with pIRESneo2 (n), OATP1B1 (.), or OATP1B3 (!) following a 72-h exposure to microcystin LR. Points, mean of three replicate experiments; bars, SD. E, growth inhibition of OATP1B1-transfected HeLa cells exposed to microcystin LR for 1 h (n), 6 h (E), and 72 h ( ! ). Growth inhibition was determined using the sulforhodamine B dye assay, and data are presented as the percentage of untreated control growth. Points, mean of three replicate experiments; bars, SD. We measured global phosphatase inhibition in the transfected HeLa cells exposed to approximately equitoxic (IC 90 ) concentrations of microcystins to further examine the relationship between the cytotoxic effects and protein phosphatase inhibition. In these studies, OATP1B3-transfected HeLa cells and empty vector control cells were exposed for 6 h to the microcystins at approximately equitoxic concentrations, and phosphatase activity in the cellular cytosol was then measured. As can be seen in Fig. 4C , total phosphatase inhibition does not directly correspond to cytotoxicity. For example, at a dose of f2-fold greater than the cytotoxic IC 50 in OATP1B3-transfected HeLa cells, microcystin LF and LW (1 nmol/L) had no discernible effect on total phosphatase activity. At a similar equitoxic dose, microcystin LR (10 nmol/L) decreased total phosphatase activity by f30% in OATP1B1-transfected cells. However, microcystin RR (1 Amol/L) decreased total phosphatase activity by 90%. These results suggest that specific phosphatase inhibition, not global inhibition, is related to cytotoxicity. These results also suggest that at higher concentrations, microcystins may have inhibitory effects on other phosphatases.
Cell Death Induced by Microcystin LR Is Rapid Figure 5 displays the results of microcystin LR induced cell death after a 6-h exposure. Using confocal microscopy and changes in cell morphology shown by flow NOTE: Growth inhibition was determined in plasmid transfected HeLa cells. Cells were seeded into 96-well plates 24 h following transfection with control plasmid (pIRESneo2), OATP1B1 , or OATP1B3 containing vectors and, 24 h later, were exposed to a range of microcystin concentrations for a further 72 h. Growth inhibition was determined using the sulforhodamine B dye assay as described in Materials and Methods. The IC 50 data presented in the table represent the concentration at which the absorbance is 50% of the untreated control wells, IC 50 was determined by nonlinear regression (variable slope) analysis using the GraphPad Prism software. Phosphatase enzyme inhibition was determined using purified PP1 and PP2A enzyme. Enzyme was incubated with the microcystins at a range of concentrations for 10 min before the addition of [ 33 P]ATP-labeled myelin basic protein. The dephosphorylation reaction was allowed to proceed for 10 min, after which the reaction was stopped with trichloroacetic acid, and released 33 P was determined by liquid scintillation counting as described in Materials and Methods. IC 50 was determined by nonlinear regression (variable slope) analysis using the GraphPad Prism software and represents the concentration at which the release of Table 2 ). The relationship between the growth inhibition IC 50 for the microcystin analogues and the in vitro enzyme inhibition IC 50 of PP2A (A) and PP1 (B). ., microcystin analogues LW, LF, RR, and YR.
5, microcystin LR; n, okadaic acid. The linear regression analysis was done using the GraphPad Prism software. C, inhibition of total phosphatase activity in transfected HeLa cells exposed to equitoxic concentrations (IC 90 ) of the microcystin analogues. Intracellular phosphatase enzyme inhibition was determined using whole-cell lysates prepared from transfected HeLa cells exposed to IC 90 concentrations of the microcystin analogues for 6 h as described in Materials and Methods. Twenty nanograms of cellular protein were incubated in phosphatase assay buffer in the presence of [ 33 P]ATP-labeled myelin basic protein for 10 min, after which the reaction was stopped with trichloroacetic acid, and released 33 P was determined by liquid scintillation counting. The data are presented as the percentage phosphatase activity relative to untransfected and untreated HeLa cells. Points/columns, mean of three replicate experiments; bars, SD.
cytometry, we have identified that exposure to microcystin LR induced rapid changes in cell and nuclear morphology. Initial morphologic changes are rapid detachment from the culture surface, which occurs within the first hour of exposure (data not shown). By 6 h, microcystin LR -treated OATP1B1-expressing cells display membrane blebbing (Fig. 5G) , and massive cellular fragmentation can be detected using flow cytometry (Fig. 5I) . Using Hoechst 33258 DNA stain, we also identified extensive chromatin condensation and fragmentation (Fig. 5H ) following a 6-h microcystin LR exposure. Control (pIRESneo2) transfectants similarly treated with 10 nmol/L microcystin LR showed no changes in cellular morphology (Fig. 5D and F) and nuclear condensation (Fig. 5E ), similar to the untreated OATP1B1-transfected control (Fig. 5A -C) , further supporting the evidence that microcystins require a transport mechanism for cellular uptake and toxicity. Taken together, these data show that once microcystin LR gains entry into cells, it acts rapidly, causing morphologic changes that are indicative of cell death.
Discussion
The observation that microcystin LR and its analogues show potent growth inhibitory and cytotoxicity activity in OATP1B1-and OATP1B3-transfected cells in comparison with control cells indicates both that the expression of these genes can impart selective sensitivity of cancer cells to cytotoxic substrates, and that phosphatase inhibition may be a valid target for anticancer drug development. Furthermore, the lack of activity of microcystin LR in the control HeLa cells shows that the stumbling block for developing microcystins as anticancer agents may be that these phosphatase inhibitors have difficulty gaining intracellular access in standard in vitro cytotoxicity models. This potential difficulty is supported by both our observations and those of others, that even hepatic-derived cell lines do not reflect the level of transporter gene expression observed in the tissue and tumors of origin. In the case of OATP1B1, we found no detectable expression in any of the hepatocellular carcinoma cells or immortalized hepatocyte cell lines. In the case of OATP1B3, the level of mRNA expression in hepatocellular carcinoma cells and hepatocyte cell lines was at the limit of detection and orders of magnitude lower than the expression levels seen in normal adult liver. In particular, the widely used Hep3B cell line does not express OATP1B1, and the level of OATP1B3 is orders of magnitude lower than the levels measured in normal liver. In addition, another widely used model of hepatocellular carcinoma (the HepG2 cell line) also does not express either transporter (7) . Similarly, the level of RNA expression in lung cancer cell lines is also low, although direct measurement of RNA levels in lung tumor tissue showed increased expression relative to normal lung tissue, with the increased expression in the tumor samples being similar to that of a normal liver reference. In the case of both transporters, the constitutive levels in all of the hepatic cell lines was at the level of the untransfected HeLa cells, whereas the transfected HeLa cells had mRNA levels similar to the levels measured in normal liver. We have seen a similar down regulation in cell lines versus tumors in the case of another membrane transporter, OCT6 (19) . Supporting our observations, the loss of microcystin sensitivity in freshly isolated trout and murine hepatocytes was observed to coincide with the rapid loss of OATP transporter gene expression when the hepatocytes are maintained in cell culture (20) . Thus, down-regulation of membrane transport that occurs in adaptation to in vitro growth conditions has the potential to limit the interpretation of cell culture -based screening systems for polar cytotoxins that depend on specific mechanisms of drug uptake.
Because transporter gene expression in tumors cannot be extrapolated from cell lines, direct measurement of tumor gene expression is required. However, studies quantifying mRNA levels in tumors also have limitations in interpretation. It is important to acknowledge that whereas the data show increased expression of OATP1B3 mRNA in lung tumors, these data must be interpreted with caution, as the mRNA levels do not necessarily reflect either protein expression or function. The actual sensitivity of NSCLC tumors to microcystin analogues, and of microcystin uptake in NSCLC tumors relative to hepatocytes, are important questions to be explored with xenograft models.
Significant obstacles must be overcome in the development of microcystin analogues as potential therapeutic agents. Most importantly, a strategy must be devised to create a useful therapeutic window for microcystins, in which the potent hepatic toxicity of these agents is overcome. The microcystin concentrations that produced cytotoxicity in the transfected HeLa cells in our study, in the subnanomolar range for microcystin LF and microcystin LW, seem to be significantly less than the doses required for hepatic toxicity. In mice given a sublethal dose of microcystin LR (35 Ag/kg), the peak plasma concentration achieved was 428 nmol/L (21) compared with the IC 50 values of 5 and 39 nmol/L for microcystin LR in OATP1B1-and OATP1B3-transfected HeLa cells, respectively (Table 2 ). In addition, microcystin rapidly accumulates in the liver, with 70% of the total dose accumulating by 30 min after the injection (21) . We have shown that the cytotoxic activity of microcystin LR is rapid, and although maximal activity was not seen until 6 h, a 1-h exposure showed significant levels of activity (Fig. 3E) .
Our data strongly suggest that microcystin cytotoxicity in HeLa cells is related to specific PP2A inhibition. We found no correlation between global phosphatase inhibition and cytotoxicity. The similar concentrations for PP2A enzyme inhibition and growth inhibition and the linear correlation between the growth IC 50 and the enzyme IC 50 for microcystin analogues both suggest that specific PP2A inhibition is related to the toxic effect.
The high concentration of microcystin in the liver achieved with a sublethal dose (21) suggests that hepatocytes may differ from cancer cells in the mechanism of microcystin toxicity. First, hepatic lethality may be related to an intracellular target other than PP2A. One such target may be aldehyde dehydrogenase II, an enzyme involved in acetaldehyde detoxification and prevention of free radical formation, which was recently identified as a microcystin target from a peptide fragment that physically associated with microcystin LR using phage display methodology (22) . Another potential microcystin target is the h subunit of ATP-synthase, which was shown to be a microcystinbinding protein using an anti-microcystin antibody-affinity purification column (23) .
Second, reports of microcystin cytotoxicity in nonmalignant cells, in which a significantly higher dose is required for toxicity, is seemingly related to formation of reactive oxygen species (24) and resultant DNA damage (25) . In lymphocytes in vitro, the mechanism of microcystin toxicity was associated with free radical formation; in those studies, cells were exposed to micromolar concentrations of microcystin LR (26, 27) , in comparison with the subnanomolar range in the transfected HeLa cells.
Third, phosphatase inhibition may have different effects in tumor cells versus normal cells. Although protein phosphatases have tumor suppressor properties, phosphatases have been also been reported to promote cell growth and survival (9, 10) . The cytotoxic effect of phosphatase inhibition may depend upon the reliance of a particular cell on the activity of specific kinases, which are often abnormally regulated in cancer. For example, the phosphatase inhibitor okadaic acid has been shown to induce apoptosis in a variety of cell lines, with increased sensitivity reported in cells carrying mutated Ras (28) . Okadaic acid also induced apoptosis in malignant glioma cells, in studies that suggested an integral role for ERK and c-Jun NH 2 -terminal kinase (JNK kinase) in promoting cell death (29) . Rapid apoptosis has also been seen in primary hepatocytes following microinjection with both microcystin LR and nodularin, characterized by cytoplasmic shrinkage, chromatin condensation, membrane blebbing, and procaspase-3 cleavage (30) . Similarly, we have identified rapid cell death (within 6 h), although at a much lower concentration (10 nmol/L) than those used by Fladmark et al. (nodularin >250 Amol/L and microcystin LR >50 Amol/L).
Finally, in addition to potential differences in microcystin intracellular targets between hepatocytes and cancer cells, there are also numerous metabolic differences between the normal hepatocyte and the malignant cell, and these differences might be exploited to create a therapeutic window for microcystin toxins. Microcystin and the related toxic cyclic peptide nodularin seem to stimulate glutathione-dependent detoxification pathways in hepatocytes. Exposure of rat hepatocytes to sublethal concentrations of microcystin LR results in an acute increase in intracellular glutathione and an increase in the formation of reactive oxygen species (31) . Significantly, addition of N-acetylcysteine to the culture medium, an agent that increases intracellular glutathione concentrations, decreased sensitivity of cultured rat hepatocytes to microcystic cyanobacteria extracts. Conversely, buthionine sulfoximine, an agent that decreases intracellular glutathione, increased the sensitivity of the cultured hepatocytes to the cyanobacteria extract (32) . These studies suggest that glutathione may play a role in the in vivo hepatic detoxification of microcystins at high concentrations. In our HeLa cell model, neither N-acetylcysteine nor buthionine sulfoximine affected microcystin toxicity (data not shown).
In conclusion, therapeutic microcystin analogues may have the potential to exploit both differences in the mechanisms of toxicity and the availability of detoxification mechanisms in tumors versus normal hepatic tissue. The restricted hepatic expression of OATP1B1 and OATP1B3 would help to prevent toxicities to nonmalignant tissues other than liver, and the expression of these transporters in NSCLC and hepatocellular carcinoma suggests that these tumors could be targeted with transporter-specific cytotoxins. We are currently developing an in vivo model to address the potential of microcystins as antitumor agents targeted at OATP1B1-and OATP1B3-expressing tumors. Microcystins, as stable cyclic peptides with two variable amino acid positions, are attractive candidates for combinatorial synthesis, and the variation in potency between the first five microcystin analogues tested suggests that other analogues may be even more potent.
